The thickness of transparent conductive oxide (TCO) layer significantly affects not only the optical and electrical properties, but also its mechanical durability. To evaluate these influences on the molybdenum-doped zinc oxide layer deposited on a flexible polyethersulfone (PES) substrate by using a dual-ion-beam sputtering system, films with various thicknesses were prepared at a same condition and their optical and electrical performances have been compared. The results show that all the deposited films present a crystalline wurtzite structure, but the preferred orientation changes from (002) to (100) with increasing the film thickness. Thicker layer contains a relative higher carrier concentration, but the consequently accumulated higher internal stress might crack the film and retard the carrier mobility. The competition of these two opposite trends for carrier concentration and carrier mobility results in that the electrical resistivity of molybdenum-doped zinc oxide first decreases with the thickness but suddenly rises when a critical thickness is reached.
Introduction
Transparent conductive oxides (TCOs), such as indium tin oxide (ITO), have been extensively applied for electrodes in flat displayer, panel, sensor, organic light emitting diode, solar cell, and so forth [1] [2] [3] [4] . To moderate the impact of indium shortage, various zinc oxides, which have advantages on low cost, environmentally friendly, easy to etch, and nonreactive with hydrogen plasma [5] , have been developed as new alternatives. Doping elements of group II and IV is a known method to increase the carrier concentration for improving the conductivity of zinc oxide. Among these doped zinc oxides, the molybdenum-doped zinc oxide (hereafter abbreviated as MZO), in which every substitution of Mo 6+ for Zn 2+ site in the wurtzite cell can induce 4 extra carriers, promotes it to be the most potential n-type transparent semiconductor over all alternatives.
To fulfill the demands of flexible and portable electronic, polymeric materials are the currently most chosen substrates of TCOs for such applications. However, the low thermal tolerance of commonlyused polymers restricts the options for the process temperature of other integrated materials. Dual-ion-beam sputtering deposition (DIBSD) [6] is one of the low-temperature deposition techniques. DIBSD is to use an argon ion beam generated from the ion source to sputter atoms of the target surface. The high kinetic energy transferred from the incident ions to the sputtered particles provides them the required activation energy for the nucleation and synthesis reactions during the film growth. Furthermore, one additional assistant ion beam irradiates the deposit surface simultaneously, which provides an additional energy for adatoms migration to arrange a dense crystalline structure. Both kinds of ion beam enable the deposition of crystalline MZO films onto the polyethersulfone (PES) substrates at low processing temperature.
It is well known that the electrical conductivity usually increases and the optical transparency usually decreases with the thickness of TCO layer [7] . To trade off between these two requirements is an important issue for specific applications. In this work, the influences of the thickness on the crystallinity, surface morphology, optical transparency, and resistivity of deposited MZO have been studied.
Experimental Procedures
The PES substrates were 2 cm × 2 cm squares with a 135 μm thickness. The source MZO target within a size of 10.2 mm in diameter and 3.0 mm thick which composed of 97 wt.% ZnO and 3 wt.% MoO 3 with a 4N purity is made by LTS Chemical Inc. The deposition of MZO was carried out in a customized DIBSD system (JUNSUN TECH IBS-600).
In the deposition chamber, one Kaufman-type convergent ion source (Veeco 05 DC-PKG ASSY) with a plasma bridge neutralizer (PBN) is for sputtering the MZO target. This PBN contains a hot filament in a discharge chamber supplied with an argon gas, and the electrons are extracted from the plasma generated in the discharge chamber. One endHall-type divergent assistant ion source (KRI EH-200) with a hollow cathode electron source neutralizer is used as an assistant ion beam source for bombarding the specimen. The deposit thickness is controlled by applying quartz, the crystal deposition controller (ULVAC Inc., CRTM-6000).
Prior to the film deposition, substrates were ion bombarded by using the assistant ion source for 10 min to decontaminate and to flat the PES surface. One thin SiO 2 buffer layer was first coated without applying assistant ion beam for isolating the permeation of water or polymer vapor from substrate into following MZO film. This buffer layer also could moderate the compressive stress in MZO and consequent rumpling due to the substrate shrinkage. The sequent MZO deposition was carried out under a dual-ion-beam mode with constant working pressure of 0.67 Pa, substrate temperature of 130
• C, and deposition rate of 0.05 nm/s. Based on previous research results [8] , the discharge voltage and current of assistant ion source were constantly set at 100 V and 1.4 A. Each MZO film of different thickness, 80, 100, 120, 140, 160, 180, and 200, was deposited onto the substrate sheet individually. The deposition conditions of SiO 2 buffer layer and MZO films are, respectively, listed in Tables 1 and 2 .
The film structural characterization was done by using a Bruker D8-SSS multipurpose thin-film X-ray diffractometer at a glancing incident angle of 1.8
• with a scan rate of 3 • /min from 2θ 20
• to 60
• . A HITACHI S-4800 field-emission scanning electron microscope was used to observe the surface and cross-sectional morphology of films. The electrical resistivity of MZO was measured by utilizing the four-point probe (Quatek QT-50). The carrier concentration and mobility of MZO were determined by the Hall effect measurement (Ecopia HMS-3000). The optical band gap of MZO is estimated from the absorption spectra of deposited specimens measured by a Shimadzu UV-1700 UV-visible spectrophotometer. The figure of merit (FOM), T 10 /R s by Haacke [9] at different wavelengths, for each specimen is calculated from measured optical transmittance, T, and sheet resistance, R s .
Results and Discussion
The variation of X-ray diffraction patterns of MZO films with the thickness can be seen in Figure 1 . For the MZO layers thinner than 160 nm, there are only one significant diffraction peak of hexagonal wurtzite-phase ZnO around 34.17
• , labeled as W(002). The peak intensity also strengthens with the film thickness. This implies the higher crystallinity or a preferred crystal orientation of thicker MZO Journal of Nanomaterials layers. However, when the MZO layer is thicker than 160 nm, the intensity of (002) suddenly drops, and the other two orientations, (100) and (101), appear at 31.08
• and 36.06
• . These orientation changes might be due to the accumulated internal stress in MZO layer. The internal stress might cause the preferred (002) orientation or further refine the grain. Similar phenomenon has been found in different processes. Xiu et al. found that the preferred orientation of MZOfilm RF sputtering deposited on glass changes with the film thickness. They also noticed the appearance of black caves and protrusion on the film surface with increasing film thickness [10] . Similar trends have also been reported in our previous work of Mo-doped In 2 O 3 films deposited on PES by using ion-beam-assisted evaporation [11] where the thickness is below 170 nm. projection size corresponds to the diffraction peak intensity in Figure 1 XRD patterns. However, when the film thickness is over 180 nm, there are not only the smaller projections but also cracks along projection boundary on the thick film. These cracks might be induced by the accumulated internal stress in stacking defects due to difference of thermal expansion coefficients between PES substrate and MZO layer [12] . Same situation has also occurred in Fortunato's work and increased the electrical resistivity of deposits [13] .
The measured electrical resistivity of each deposited MZO film shown in Figure 3 also agrees with this. The electrical resistivity of MZO initially increases with film thickness as the typical trend for TCOs on glass substrate [12, 14] , until it reaches a minimum, 5.95 × 10 −4 Ω-cm, on the 160 nm thick MZO, then suddenly rises.
To further investigate the causes of different electrical resistivity, the carrier concentration and mobility in deposited MZO were determined and shown in Figure 4 . The carrier concentration increases with the film thickness but subsequently becomes constant when the film thickness is over 160 nm. For the films below 160 nm, the increase of carrier concentration might be attributed to increased fraction of crystalline phase. The 80 nm thick film exhibits a more disordered structure which contains lesser carriers [15] . There are also more stacking defects in thinner films. These defects trap the carriers and lower down the concentration of free carriers [16, 17] . For films over 180 nm due to the defects induced by the crystalline orientation, change offsets the positive effect from higher crystallinity [10, 13] . Differently, the carrier mobility initially increases with the film thickness but suddenly reduces when the film thickness is over 160 nm. This explains the above correlation between overall electrical resistivity and film thickness. The thinner film with disordered structure exhibits a relatively smaller projection size and more boundaries. Those boundaries and defects scatter the carriers and retard the carrier mobility. The sharp decrease of carrier mobility when the thickness is over 160 nm can be attributed to the structural discontinuity or cracks. Similar phenomena have been reported in indium tin oxide film deposition [18, 19] . The optical band gap values of MZO films estimated from absorption spectra of different MZO-coated specimens are shown in Figure 5 . The optical band gap slightly increases with the film thickness from 3.33 to 3.481 eV. It presents the same trend as the carrier concentration results in Figure 4 . It indicates that the optical band gap of MZO films is dominated by the carrier concentration [20, 21] due to the Burstein-Moss effect. The overall performance of these MZO transparent conductive layers with different thickness can be compared by the figure of merit values as shown in Figure 6 . Since the average transmittance of visible region for specimens of all thickness is approximately 80%, the FOM value is dominated by the electrical performances of MZO layer. Due to the lowest resistivity, the 160 nm thick MZO film has a maximum figure of merit value, 5.49 × 10 −3 Ω −1 . According to the above results, an optimum film thickness for MZO film deposited by dual-ion-beam sputtering on SiO 2 -precoated polyethersulfone in this study is achieved. The 160 nm thick MZO presents a lowest resistivity of 5.95 × 10 −4 Ω-cm and highest figure of merit value, which fulfills all the demands for the transparent electrode applications.
Conclusions
In this study, molybdenum-doped zinc oxide layers with different thickness were, respectively, deposited onto flexible polyethersulfone substrates by using a dual-ion-beam sputtering system within the same deposition atmosphere Journal of Nanomaterials 5 and constant sputter ion-beam settings. The influences of film thickness on their optical and electrical performances have been investigated. Below the critical thickness, the accumulated internal stress with thickness promotes a preferred (002) orientation of crystal structure and enhances the film conductivity. However, when the thickness is over the critical value, the excess internal stress cause structural discontinuity by the bifurcated orientation, and it might also crack the film; these both restrict the carrier mobility and reduce the conductivity.
